In this paper after a presentation of the compression test and its classical references in the rheological literature a behaviour parameter identification method is introduced using simple compression tests on concentrated geo-suspensions with a plastic fluid behaviour. The obtained theoretical test response is validated for several materials (natural soils, Kaolin clay …). It is also compared with previous solutions obtained by other authors to show that most existing solutions miss one or more terms. Elements are also given on two types of test response perturbations: the induced heterogeneity in the case of slow tests (consolidation phenomena) and the fragmentation of the outer part of sample (granular paste breakings). Finally, compression test results for a nano silica paste are presented as a example and treated as an application of the test exploitation method.
INTRODUCTION
Squeeze tests are often used in practice as a straightforward technique to determine the flow properties of highly concentrated suspensions such as concrete, molten polymers, ceramic pastes etc. Most of those materials behave as highly viscous or quasi-plastic fluids. Even if the plastic yield value concept is a discussed approximation of the real behaviour of these fluids, it stays a handy way to predict flow and rheological test responses [1] .
The plastic behaviour is not properly associated to a constitutive law but is better described using a plastic criterion. If the criterion is satisfied, there is a velocity gradient in the sample. If the criterion is not satisfied, there is no velocity gradient and the fluid is stationary or moves as a rigid plug. In this work, the chosen criterion is based on Von Mises work [2] linking the stress tensor state and the plastic yield stress.
Assuming a flow pattern in the compressed sample, the relation between a reduced value of the compression force and a geometrical non-dimensional ratio is introduced. This relation is then experimentally validated and the influence of parameters such as the initial sample height, the plates radius, the compression speed is studied and compared to prediction. Finally, squeeze test results for nano silica pastes are given as a concrete example and described using concepts developed in the theoretical part of this paper.
THEORETICAL BACKGROUND

DESCRIPTION OF THE SQUEEZE TEST
The identification of parameters linked to the constitutive law is based on a simple compression test (plastometer test or squeeze test) carried out on cylindrical samples with reduced slenderness. The plastometer consists in two coaxial circular and parallel plates without any rotation. The upper disc can be displaced at controlled constant velocities, while the lower one is maintained stationary. The squeezing of the sample between the two plates induces an essentially radial flow. R is the radius of the plates, h the height of the sample, F the compression load applied on the plates and c the constant compression speed (Fig. 1) . Since the compression machine used here is designed to study rather solid materials, the maximum force value is 60000 N and the uncertainty is ± 5 N. The plates separation is measured with a much higher accuracy, namely ± 0.01 mm.
The tested material fills permanently the area between the plates (Fig. 2) . The roughness of the plates is also a test parameter. Use of rough plates imposes a sticking flow and the nonslip boundary condition is fulfilled. On the other hand, in the case of rectified plates, the material can slip along the solid surface.
PLASTIC CRITERION AND BEHAVIOUR LAW
Studies on plastic fluid flows can be divided in two families: On one hand, the plastic yield stress is considered as an extreme stress value below which stress and rate of strain are linked by a behaviour law. The elasto-plastic model used for metals is one member of this family. On the other hand, some authors solve the equilibrium equations linked to the plastic criterion in some particular cases of perfect plastic fluid flows. Some analytical solutions can even be found. In the case of plane flows, Hill [3] or Salençon [4] give a method that allows the determination of the stress state in a perfect plastic uncompressible body (method of characteristics). This was applied to metal working studies but is not suitable to the special case of the squeeze test which does not present a plane flow.
The Von Mises [2] criterion for a perfect plastic fluid writes in three dimensions and in the case of an axi-symmetric flow. For (1) there is no velocity gradient in the sample while for (2) there is a velocity gradient. K i denotes the yield stress,
and s rz are the components of the stress tensor deviatoric part. If Eq. 2 is true, the following general form of the constitutive law is then used, assuming an uncompressible body and the existence of a co-axiality relation. It links the stress and strain rate tensor via a scalar function of the strain rate tensor second invariant: (3) where 2f(I 2 ) = K i /(I 2 ) 1/2 , D ij is the strain rate tensor, and I 2 the second invariant of the strain rate tensor. Lipscomb and Denn [5] argue that, in general, complex flows cannot admit unyielded zones and that, in the present case, the whole of the fluid has to yield. In the opinion of the present author, the conclusions of Lipscomb and Denn are correct and the Von Mises criterion is then assumed to be fulfilled everywhere in the sample part located between the plates. As a consequence, there is no plug flow.
THE "SQUEEZE FLOW PARADOX"
As stated by Wilson [6] , there is an immediate difficulty concerning the existence of yield surfaces in the material itself, which has caused some disagreement in the literature. A common assumption made while studying a squeezing flow is that h/R is small. This led numerous authors (Scott [7] , Covey and Stanmore [8] or Sherwood et al. [9] ) to make the usual approximations of lubrication theory. The predominant stress tensor component is This simplification eases the analytic treatment of the flow but, as a direct consequence, a paradox appears on the mid-plane. By symmetry, the shear stress falls to zero at z = 0. According to the given definition, the plastic criterion is not fulfilled in this zone and the fluid must move as a rigid plug. But, at the same time, the gap between the plates is being narrowed and the fluid has to yield even on the mid plane. The plug must therefore deform and the solution is inconsistent. This inconsistency is explained by the fact that the lubrication analysis only allows a one-dimensional yield criterion to be specified. Adams and co-workers [10] can be quoted: "A comprehensive yield criterion is one which is based upon a combination of all of the acting components of the stress". Let us come back now to the squeeze flow paradox but, this time, let us use the three dimensional expression of the Von Mises criterion (Eq. 2). The symmetry imposes that there is a zone around the mid plane where the shear stress falls to zero. Eq. 2 may then be rewritten with s rz = 0. The previously neglected stress tensor components , s rr (d) , s(d) , and s zz (d) allow the criterion to be fulfilled even on the axis. There is no rigid plug. The fluid is yielding everywhere in the sample as assumed in the present study. More recently, Sherwood and Durban [11] have carried out a rigorous three dimensional stress analysis for generalised Newtonian fluids under slip wall boundary conditions. The present work follows as well a three dimensional approach of a perfect plastic fluid squeeze flow.
BEHAVIOUR AT THE INTERFACE
In the case of a sticking flow (rough plates), the shear stress at the interface plate/sample is equal to the plastic yield value K i . In the case of a slipping flow, the shear stress at the plates is equal to the friction yield value K f with K f < K i .
The influence of the plates surface roughness is linked to the tested material grains size. This phenomenon is similar to the one stud-ied by Baylac and co-workers [12] using a distinct element method. When a granular media is sliding against a rough interface the friction yield value is linked to an inter particle friction angle which appears to be smaller than the apparent granular media friction angle.
This approach is similar as well to the one used by Sherwood and Durban [11] who introduce a reducing parameter m = K f /K i . This approach assumes, in the case of a sticking flow, the existence of a thin shearing layer at the interface where a strong velocity gradient appears as shown in Fig. 3 . As a consequence, even in the case of rough plates the radial velocity is not equal to zero at the plate interface.
PERFECT PLASTIC FLUID FLOW
In order to find the stress field, a kinematically admissible flowing speed field is generated. The value of the strain tensor invariant I 2 is calculated. Equation 3 allows the determination of the stress state in the sample. If the flow velocity components in the directions (r, q, z) are (V r , V q , V z ) the mass balance equation assuming an uncompressible body and axial symmetry writes: (4) In the absence of body forces and inertial stresses, the equations for axially symmetric equilibrium are:
where p is the pressure. The constitutive law writes: 
The previous equations, the boundary conditions and the Von Mises criterion are satisfied by:
The strain rate tensor of this purely extensional flow writes (7) and the second invariant is constant through the sample I 2 (r, z) = 3c 2 /(4h 2 ).
STRESS FIELD
Applying the constitutive law, the deviatorical part of the stress tensor becomes:
and thus In the derivation following, a global equilibrium method is applied in order to take in account the shearing layer influence on the pressure field in the sample.
GLOBAL EQUILIBRIUM METHOD
The local equilibrium equations and local conservation laws are not sufficient to obtain both deviatorical stress field and pressure field. The global equilibrium of the volume element shown in Fig. 4 is introduced. The sample height is assumed to be small enough to consider that the total radial stress does not depend on the axial component z. (10) where s rr (r) is the total radial stress and thus (11) At the interface, s rz = K i in the case of a sticking flow (rough plates) or s rz = K f in the case of a slipping flow (rectified plates) and (12) are obtained. In the case of a sticking flow (rough plates), one obtains (13) In the case of a slipping flow (rectified plates) K i should be replaced by K f . To be correct, through the integration of Eq. 13, a function of the axial component z should appear. An additive boundary condition is needed to determine the value of
d r dr dp r dr d r dr dp r dr
this function for z = h/2. The often chosen assumption in the literature is:
a) The pressure at r = R is equal to the atmospheric pressure, which is taken as the reference pressure. It writes:
b) The pressure at the interface becomes in the case of a sticking flow (rough plates):
COMPRESSION FORCE
The compression force could then be integrated from the pressure on the plates which is itself integrated from the pressure gradient. But there has been disagreement about the stress or pressure boundary conditions at the edge of sample (r = R). As a consequence, the integration of the pressure gradient is not as obvious as it seems and the boundary condition given in Eq. 14 could be discussed. In order to avoid any additive assumptions on the stress boundary conditions, the value of the force acting on the plates is calculated from the energy dissipation. According to the approach presented in this work, the dissipation inside the sample is divided in two parts. On one hand, the rate of dissipation at the interface in the shearing layer which occurs whether the fluid sticks or slides depends on the stress yield value or on the friction yield value according to the plates roughness.
where S p is the plate surface and s rz (r, h/2) = K i or K f according to the plates roughness. On the other hand, the rate of dissipation inside the fluid itself only depends on the stress yield value. It can be calculated from the dissipation in the volume pR 2 h and at the boundary r = R.
In limiting the studied volume to the volume between the plates, an approximation is made as there is a dissipation occurring in the out coming sample. It is assumed here that this dissipation can be neglected compared to the dissipation in the volume pR 2 h (see section 3.4). The total rate of dissipation finally writes:
In the case of a sticking flow (rough plates), the compression force is (18) In the case of a slipping flow (rectified plates), K i , in the second term, should be replaced by K f . The first term of both expressions is generally ignored by previous authors [13, 14] but is taken in account by Adams et al. [10] (some corrections were made by Adams in order to take in account the pressure boundary conditions at the edge and an additive term of order 3 1/2 K i R 2 appeared in F) or Walton and Bittleston [16] (they predict a correction of order K i R 2 to F). The force is independent of the compression rate, as is to be expected from an analysis based upon plasticity theory. In the case of a perfect plastic fluid sliding at the interface, Eq. 18 with K f in the second term can be compared to the one obtained by Sherwood and Durban [11] .
with m = K f /K i .
EXPERIMENTAL VALIDATION
Reduced parameters are used to plot the test results [17] : the reduced force F* = -Fh/(pR 3 ) and the geometrical ratio h/R. The model then predicts in the case of a sticking flow (rough plates) The studied material is an extruded ceramic paste (Pure kaolin china clay -grade C, density: 2.65 kg/m 3 , dry kaolin packing solid concentration: 0.3).The water content is 38 %. The extrusion process guarantees a better sample homogeneity. After a first phase which could be called the placing phase, the analytical relation between F* and h/R seems to fit the experimental results on Fig. 5 . K i and K f may then be calculated as K i @ 87 kPa and K f @ 63 kPa. Series of scissometer (Vane test) measurements on the same material give K i @ 84 kPa. It can be noted that, just after the placing phase, there is no difference between rough and rectified plates. It can be assumed that the flow does not stick to the plates. As the stresses inside the sample are increasing, the flow starts to stick to the interface. In the example given in Fig. 5 , the flow can be described as completely sticking for h/R < 0.3. Before this value is reached, the stresses are not sufficient to shear the sample and the material slides along the plate.
INITIAL HEIGHT INFLUENCE
Vuez and Lanos [18] studied the influence of the initial sample height h0 on the test answer for kaolin clay pastes with a water content equal to 50%. The uncertainty is calculated from the relation F* = -Fh/(pR 3 ). It gives: The following uncertainties are estimated [18] :
I DR = 1 * 10 -04 m is the uncertainty on the plates radius I Dh = 1 * 10 -05 m is the uncertainty on the sample height I DF = 5 N is the uncertainty on the compression force
The dispersion on the reduced force values is smaller than the uncertainty, meaning that all the values obtained are between the dashed lines (Fig. 6) . During the placing phase of the test, the answer depends on the initial sample height. This problem is similar to the one that appears during a tri-axial test. But, as the geometrical ratio h/R becomes smaller, the influence of the initial sample height disappears. After this initial placing phase, the answer does not depend any more on the initial sample height. The accuracy on the reduced force parameter is much higher at the end of the test allowing a better determination of the rheological parameters. To get F* values which do not depend on the initial sample height, the sample should first be compressed until h = h 0 /2. This value can depend on the tested material.
COMPRESSION SPEED INFLUENCE
As expected for a perfect plastic fluid flow, the response of the test does not depend on the compression speed (Fig. 7) . However, for certain granular material known for their plastic behaviour, the compression speed may have an influence on the compression force because of consolidation phenomena (Fig. 8) . The non-homogeneous stresses in the sample generate in the liquid phase an interstitial pressure gradient which is the engine of a liquid migration. During very slow flow, the centre of the sample becomes drier with a consequent increase in the plastic yield stress. An Eulerian description of this two-phases flow was written by Roussel et al. [19] in the particular case of perfect plastic fluids submitted to slow squeezing.
PLATES RADIUS INFLUENCE
As expected for a perfect plastic fluid flow, the response of the test does not depend on the plates radius. Results obtained testing natural soils are plotted in Fig. 9 (only the most meaningful part of the test is shown). Two different plate sizes are used. As predicted by the model, a plate radius change does not modify the reduced effort value for a given tested material.
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BREAKING AND REINFORCEMENT EFFECT
When calculating the rate of dissipation, the study was as a first approximation limited to the volume between the plates. However, the stress state in the sample outside the volume is unknown but not equal to zero. The out coming sample is submitted to a radial traction stress which creates the failures shown in Fig. 10 . Let us use again a dissipation rate approach of this phenomenon. The energy dE needed to create the failure surfaces dS during a time dt is:
where s c is the energy needed to create one surface unit and 
In the case of a slipping flow, K i should be again replaced by K f . If the energy needed to create one surface unit does not depend on the compression speed, the test answer is still not affected by the deformation rate. Such an assumption is licit if no drainage occurs in the sample. The function F* is still linear in the geometrical ratio h/R but the slope is affected by the number of breaks and the plate radius. For most of the tested materials, the breaking phenomenon does not affect much the slope of the test answer as shown in Fig. 7 and Fig. 9 .
SUMMARY AND SUGGESTED EXPERIMENTAL PROCEDURE
It was demonstrated in the previous sections that the reduced compression force F* does depend on the plastic yield value, the friction yield value and eventually on the energy needed to create breaking surfaces but it does not depend on the compression speed (except if consolidation phenomena appear for low compression speeds) and on the plates radius. It may be reminded here that the reduced force writes F* = -Fh/(pR 3 ). With this in mind, the following experimental procedure may be used in order to identify the flow parameters during quasi-plastic fluids testing:
I First step: Test at a given speed C 1 with rough plates. The reduced force is plotted in terms of h/R. If the answer is linear after the placing phase, K i may then be calculated from the curve slope or from the reduced compression force value for h/R AE 0 using Eq. 20. I Second step: Test at a given speed C 1 with rectified plates. The reduced force is plotted in terms of h/R. If the answer is linear after the placing phase, K f may then be calculated from the curve slope using Eq. 20 with K f in the second term. I Third step: Test at a given speed C 2 < C 1 with rough or rectified plates. The reduced force is plotted in terms of h/R. The answer should not depend on the compression speed and should stay linear in terms of h/R. If the compression force increases while the compression speed decreases, it could be concluded that the tested granular material is sensitive to consolidation phenomena and the test is drained. For further information in the same experimental conditions see reference [19] . I Fourth step: If the plastic yield value calculated from the curve slope and from the reduced compression force value for h/R AE 0 during the first step are not the same, the influence of the radial traction stress around the sample can not be neglected. The proper plastic yield value is the one calculated from the reduced compression force value for h/R AE 0 and the energy needed for sample breaking sc may then be calculated using Eq. 25 from the number of breaks N b . It should be noted that, in this particular case, the reduced compression force does depend on the plates radius.
I Fifth step: Validation. The answer of the test with rectified plates (second step) should be predicted using Eq. 25 with K i being replaced by K f in the second term.
EXAMPLE AND APPLICATION
A paste is prepared with a fine silica powder and water (Fig. 11) . The maximum particle size is about 200 nm. The powder volumic weight is 2600 kg/m 3 . The initial paste water content is 180%.
I First step: Test at a given speed c = 0.6 mm/s with rough plates. The reduced force is plotted in terms of h/R on Fig. 12 . The plastic yield value is calculated from Eq. 20. From the curve slope, K i is estimated as K i = 52 kPa. From the reduced compression force value for h/R AE 0, K i however is astimated as K i = 38 kPa. As there is a difference between the two calculated values, the influence of the radial traction stress around the sample can not be neglected and the experimental procedure fourth step is needed. I Second step: Test at a given speed c = 0.6 mm/s with rectified plates. The reduced force is plotted in terms of h/R in Fig. 12 . For this paste, there is no difference between rough and rectified plates. The particles are so small that the rectified plates roughness is sufficient to make the mixture stick at the interface. In this particular case, K f = K i = 38 kPa I Third step: Test at a given speed c < 0.6 mm/s with rough plates. The reduced force is plotted in terms of h/R in Fig. 12 for c = 0.1 mm/s. As long as the compression speed is high enough (c > 0.5 mm/s) the test answer does not depend on the compression speed and the behaviour stays plastic. But for lower compression speed, consolidation phenomena appear and strongly affect the test answer. For c = 0.1 mm/s, the compression force needed to bring the plates together is much higher. It can be noted that at the end of the slow compression test in Fig.  12 the sample water content is only 122 % instead of the initial 180 %. The speed influence on the rheological behaviour is not linked with a viscous component of the flow but with a change of the liquid/solid mixture composition. It is consolidation phenomena that are observed.
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Applied Rheology Volume 13 · Issue 3 I Fourth step: As the plastic yield value calculated from the curve slope and from the reduced compression force value for h/R AE 0 during the first step are not the same, the influence of the radial traction stress around the sample can not be neglected. The proper plastic yield value is the one calculated from the reduced compression force value for h/r AE 0 and the energy needed for sample breaking sc may then be calculated using Eq. 25 from the number of breaks N b . The number of sample breakings during the test is constant, N b @ 7 -8. The plastometer test allows the identification of the yield value using Eq. 25: K i = 38 kPa and s c = 200 -300 J/m 2 is the energy needed to create the breaking surface. I Fifth step: As there is no difference between rough and rectified plates for this paste, this step is not necessary.
CONCLUSION
A quasi plastic flow parameters identification method was built using simple compression tests on concentrated geo-suspensions. The proposed solution does not depend on the initial sample height, the plates radius, the compression speed (as expected for a plastic fluid). This theoretical test answer was validated for several materials (natural soils, Kaolin clay …). Elements were also given on two types of perturbations of the predicted test answer: the induced heterogeneity in the case of slow tests (consolidation phenomena) and the fragmentation of the outer part of sample (granular paste breaking). An experimental procedure was then suggested and last, compression test results for a nano silica paste served as a practical example. The proposed method to determine the flow properties of perfect or quasi perfect plastic concentrated suspensions is straightforward and easy to use and this makes it suitable for rapid behaviour parameters identification.
